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A B S  T R A C T  

This  s tudy  program i s  an extension of work p rev ious ly  conducted 
(NASA Contract  NASW-964) t o  d e t e r m i n e  t h e  f e a s i b i l i t y  of using 
I n t e r n a l  Ref lec t ion  Spectroscopy f o r  ob ta in ing  t h e  i n f r a r e d  
spec t r a  of powdered rocks.  I n  t h i s  e a r l i e r  work, it was shown 
t h a t  i n f r a r e d  spec t r a  c h a r a c t e r i s t i c  of t h e  m a t e r i a l  could be 
obtained f o r  p a r t i c l e s  of any s i z e  ( i n  t h i s  case ,  0 - 4 3 ~ ) ,  and 
t h e s e  spec t r a  resembled those  obtained v i a  s tandard  t r a n s -  
mission techniques using very f i n e  p a r t i c l e s  (less than  5 ~ ) .  
The samples were kaol in i te -quar tz  mixtures ,  and t h e  measure- 
ments w e r e  a l l  made a t  an  angle-of-incidence of 45O. The 
importance of t h e s e  r e s u l t s  - t h a t  s p e c t r a  could be obtained 
for  powders of any s i z e  and t h a t  no sample p repa ra t ion  was 
requi red  - w a s  such t h a t  f u r t h e r  i n v e s t i g a t i o n s  w e r e  warranted. 
The p r e s e n t  i n v e s t i g a t i o n s  (NASW-964 Mod. 1) v e r i f i e d  t h e  pre- 
v ious  f ind ings ;  pure q u a r t z  f r a c t i o n s  w e r e  used,  and t h e  
measurements w e r e  extehded t o  o t h e r  angles-of-incidence using 
po la r i zed  l i g h t .  The spec t ra  obta ined ,  however, w e r e  dependent 
on p o l a r i z a t i o n  and p a r t i c l e  s i z e .  This  i s  a t t r i b u t e d  t o  the 
b i r e f r i n g e n t  na tu re  of qua r t z  and t o  t h e  l a r g e  changes i n  the  
o p t i c a l  cons tan ts  i n  t h e  v i c i n i t y  of abso rp t ion  bands.  A s  a 
demonstration of t h e  p r a c t i c a l i t y  of I n t e r n a l  Re f l ec t ion  
Spectroscopy, spec t r a  were recorded of f o u r t e e n  powdered 
mineral  samples having p a r t i c l e  s i z e s  of 100 microns and less.  
These samples had been supplied t o  u s  by NASA. The spec t r a  
w e r e  s i m i l a r  t o  those  recorded v ia  t ransmiss ion  using powders 
of ve ry  small  p a r t i c l e  s i z e  (less than  5 ~ ) .  
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1. INTRODUCTION 

This s tudy program i s  an extension of t h e  work previous ly  conducted 
by P h i l i p s  Labora tor ies  under NASA con t r ac t  NASW-964 (Refs.  1 , 2 ) .  
The purpose of t h e  i n i t i a l  study was t o  determine t h e  f e a s i b i l i t y  
of us ing  t h e  technique o f  I n t e r n a l  Ref lec t ion  Spectroscopy t o  
ob ta in  t h e  i n f r a r e d  absorption spec t r a  of powdered rocks.  

Many samples t o  be analyzed a r e  normally found i n  powdered form: 
o t h e r  samples a r e  so h igh ly  absorbing t h a t  they  cannot be prepared 
i n  f i l m s  s u f f i c i e n t l y  t h i n  for conventional i n f r a r e d  t ransmiss ion  
spectroscopy. 
important role f o r  a n a l y s i s  of solid h ighly  absorbing samples a s  
w e l l  a s  f o r  powdered samples. 

I n t e r n a l  Reflect ion Spectroscopy has played an 

For a n a l y s i s  of s t r o n g l y  absorbing s o l i d  samples v ia  i n t e r n a l  
r e f l e c t i o n ,  it is  only  necessary t o  prepare one surface:  t h e  
o p t i c a l  spectrum of t h e  ma te r i a l  can then  be recorded by simply 
p lac ing  t h e  sample i n  contac t  w i t h  a s u i t a b l e  t r a n s p a r e n t  m a t e r i a l  
( i n t e r n a l  r e f l e c t i o n  element) of high r e f r a c t i v e  index. The 
d e s i r e d  c o n t r a s t  of t h e  spectrum can be ad jus ted  by a p p r o p r i a t e l y  
s e l e c t i n g  t h e  r e f r a c t i v e  index of t h e  i n t e r n a l  r e f l e c t i o n  element,  
and a d j u s t i n g  t h e  angle-of-incidence and/or number of r e f l e c t i o n s  
employed. 

I n  some work a t  P h i l i p s  Laborator ies ,  it was shown t h a t  powdered 
samples can a l s o  r e a d i l y  be analyzed v i a  i n t e r n a l  r e f l e c t i o n  
techniques.  These r e s u l t s  were v e r i f i e d  i n  a s tudy c o n t r a c t  
(NASA c o n t r a c t  # NASW-964) where it was shown t h a t  for  p a r t i c l e s  
bo th  smaller  and l a r g e r  then  t h e  wavelength of t h e  l i g h t  used, no 
s c a t t e r i n g  l o s s e s  w e r e  observed i n  t h e  non-absorbing reg ions  and 
i d e n t i c a l  s p e c t r a ,  except f o r  c o n t r a s t ,  w e r e  recorded. When K B r  
p e l l e t s  and conventional t ransmission techniques w e r e  used, it 
was only  poss ib l e  t o  o b t a i n  use fu l  spec t r a  f o r  t h e  small-diameter 
p a r t i c l e s .  

The powdered samples employed i n  t h i s  f irst  s tudy  c o n t r a c t  w e r e  
kao l in i t e -qua r t z  mixtures.  The most important r e s u l t  was a 
confirmation of t h e  absence of s c a t t e r i n g .  Because of t h e  impli-  
c a t i o n s  of t h e s e  observat ions,  it appeared d e s i r a b l e  t o  cont inue 
t h i s  s tudy  and make s i m i l a r  measurements over a w i d e  range of 
angles-of-incidence,  employing pure qua r t z  powders. It  was hoped 
t h a t  t h i s  da ta  would g ive  us  i n s i g h t  i n t o  t h e  i n t e r a c t i o n  
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mechanisms and perhaps an understanding of the  reasons for t h e  
absence of s c a t t e r i n g .  F ina l ly ,  i n t e r n a l  r e f l e c t i o n  spectro-  
scopy was to be employed to record t h e  spectra of 14 powdered 
mineraLs supplied by NASA. 

The o b j e c t i v e s  for t h i s  study are  out l ined  i n  the  fo l lowing 
s e c t i o n .  

PAGE 2 
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2 .  OBJECTIVES 

The o b j e c t i v e s  of t h e  program w e r e  a s  follows: 

P rocure  pure qua r t z  powder and e l u t r i a t e  t o  p a r t i c l e  s i ze s  
0-3.5, 5-10, 10-20, 20-30, 30-50, and 50-100 microns. 
Check p u r i t y  by t ak ing  x-ray d i f f r a c t i o n  p a t t e r n s  and 
s tandard i n f r a r e d  spec t ra  of K B r  p e l l e t s .  

Modify l abora to ry  in f r a red  spectrometer t o  make measure- 
ments a t  var ious  angles-of-incidence,  e .g . ,  15' t o  75'. 
Fab r i ca t e  and i n s t a l l  variable-angle " v e r t i c a l "  double- 
pass  p l a t e s .  
range of spectrometer.  

Fab r i ca t e  GaAs p l a t e s  t o  extend working 

Improve e l e c t r o n i c s  by using 90' out-of-phase chopping t o  
e l imina te  need f o r  us ing  o p t i c a l  n u l l s .  

Using e l u t r i a t e d  qua r t z  powder samplqs, t ake  measurements 
a t  var ious  angles-of-incidence using l i g h t  po la r i zed  
perpendicular ly  and p a r a l l e l  t o  t h e  plane of incidence.  

Analyze and at tempt  t o  use d a t a  t o  ob ta in  t h e o r e t i c a l  
understanding of t h e  r e f l e c t i o n  mechanism of t h e  su r face  
i n  con tac t  w i th  t h e  powder. 

Study problem of measuring o p t i c a l  cons t an t s  of powdered 
samples v i a  i n t e r n a l  r e f l e c t i o n  spectroscopy. 

Study sample c o l l e c t i o n ,  removal, and c leaning  methods a t  
high temperatures and high ( ' s t i c k i n g ' )  vacuum. 

Study and recommend methods f o r  q u a n t i t a t i v e  measurements. 

Recommend instrument design approach, i . e .  source ,  d e t e c t o r ,  
o p t i c s .  

A s s e s s  p o t e n t i a l  of t h e  method by applying it t o  four teen  
(14) powdered rock samples prepared f o r  a n a l y s i s  and provided 
by NASA. 
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3. ACCOMPLISHMENTS 

3.1 Summary 

Pure q u a r t z  c r y s t a l s  w e r e  pu lver ized  and e l u t r i a t e d  
i n t o  a number of f r a c t i o n s  of d i f f e r e n t  p a r t i c l e  s i z e s .  

The p u r i t y  of t h e  quar tz  powders was checked and 
v e r i f i e d  v i a  x-ray d i f f r a c t i o n  and v i a  s tandard  i n f r a -  
red  s p e c t r a  of KBr p e l l e t s .  P a r t i c l e  s i z e s  0-3.5, 
10-20, 20-30 m i c r o n s  w e r e  ob ta ined .  

The l a b o r a t o r y  i n f r a r e d  spectrometer  was modified t o  
make measurements a t  va r ious  angles-of-incidence.  

90° out-of-phase chopping was incorpora ted  i n t o  t h e  
l a b o r a t o r y  i n f r a r e d  spectrometer .  

I n t e r n a l  r e f l e c t i o n  s p e c t r a  w e r e  ob ta ined  of t h e  follow- 
ing  e l u t r i a t e d  qua r t z  powder f r a c t i o n s :  0-3.5, 10-20, 
20-30 microns. Fixed-angle double-pass h o r i z o n t a l  
germanium p l a t e s  were used. Measurements w e r e  made of 
t h e  l i g h t  po lar ized  pe rpend icu la r ly  and p a r a l l e l  t o  t h e  
p lane  of inc idence  a t  angles-of-incidence of 30°, 45', 
60°. Measurements of r e f l e c t a n c e  a t  va r ious  angles-of- 
inc idence  near  t h e  c r i t i c a l  angle  w e r e  made us ing  a 
var iab le-angle  germanium i n t e r n a l  r e f l e c t i o n  element,  
i n  a t tempt  t o  obta in  some information regard ing  the  
measurement of t h e  o p t i c a l  c o n s t a n t s  of q u a r t z .  

The d a t a  was analyzed, and a number of experimental  
f a c t s  w e r e  e s t a b l i s h e d .  A t h e o r e t i c a l  model was formu- 
l a t e d  i n  an  at tempt  t o  o b t a i n  a t h e o r e t i c a l  under- 
s tanding  of t h e  i n t e r a c t i o n  of t h e  evanescent wave w i t h  
t h e  p a r t i c u l a t e  mat ter .  

Methods for  q u a n t i t a t i v e  measurements w e r e  considered.  

Snstrument des igns  w e r e  considered.  

F i n a l l y ,  t o  a s s e s s  t he  p o t e n t i a l  of t h e  method, spec t r a  
w e r e  obtained of four teen  (14) powdered minera l  and 
rock samples w h i c h  had been prepared f o r  a n a l y s i s  and 
provided by NASA 
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3.2 P a r t i c l e  S h i n s  and P u r i t y  Check of Quar t z  Powder 

The p u r i t y  of t h e  q u a r t z  powder was checked and v e r i f i e d  v i a  
x-ray d i f f r a c t i o n  and v i a  s tandard i n f r a r e d  s p e c t r a  w i t h  K B r  
p e l l e t s .  P a r t i c l e  s izes  0-3.5, 10-20, and 20-30 microns w e r e  
ob ta ined  . 
C r y s t a l l i n e  minera l  q u a r t z  was powdered and s i z e d  t o  below 100 
microns by g r ind ing  and screening.  The g r ind ing  and screening  
o p e r a t i o n s  w e r e  performed by Lucius P i t k i n ,  Inc .  of New York C i ty .  
A l l  t h e  powder passed through a 150 mesh screen;  a p o r t i o n  of t h i s  
powder was t h e n  reground u n t i l  it passed through a 325 mesh screen .  
A p o r t i o n  was s e l e c t e d  which had passed through t h e  150 mesh sc reen  
b u t  d i d  not  pass  through t h e  325 mesh screen .  
des igna ted  -150, +325 mesh. 

This  p o r t i o n  was 

The powder t h a t  passed through t h e  325 mesh sc reen  was l a t e r  
e l u t r i a t e d  by an  I n f r a s i z e r .  Since an  I n f r a s i z e r  i s  an  i n s t r u -  
ment used i n  ore-dress ing ,  the  grouping i n t o  p a r t i c l e - s i z e s  was 
no t  s h a r p l y  de l inea ted .  Therefore,  t h e  f r a c t i o n s  of q u a r t z  
powder w e r e  subjec ted  t o  p a r t i c l e - s i z e  a n a l y s i s  by  a Coulter-type 
ins t rument  a t  I n t e r l a b ,  I n c .  of Harmon-on-Hudson, New York. 

Histogram t a b l e s  w e r e  prepared by I n t e r l a b .  
p e r  f r a c t i o n  was 130,000; t h e  e l e c t r o l y t e  used was 40 grams of 
Na4P207 pe r  l i t e r  of water .  
of t h e  seven q u a r t z  powder f r a c t i o n s  from t h e  I n f r a s i z e r  w e r e  
s e l e c t e d  t o  r ep resen t  t h e  0-3.5, 10-20, and 20-30 micron samples. 

T o t a l  number of counts  

From an  a n a l y s i s  of t h e  d a t a ,  t h r e e  

F igu res  1 , 2 , 3  a r e  histograms of A N v s .  D ,  where A N i s  t h e  number 
of p a r t i c l e s  between t w o  consecutive s i z e s  and D i s  t h e  diameter  
i n  microns of equ iva len t  spheres .  
p a r t i c l e s  w i t h  an o p t i c a l  microscope showed approximately 30:l 
r a t i o  i n  t h e  a x i a l  l eng ths  of t h e  p a r t i c l e s .  
i n  his tograms i s  g iven  i n  terms of d iameters  of e q u i v a l e n t  spheres .  
F igu res  1 , 2 , 3  a r e  histograms for  q u a r t z  powder f r a c t i o n s  of 0-3.5, 
10-20, 20-30 microns, r e spec t ive ly .  Since t h i s  Coul ter- type 
ins t rument  d i d  no t  d e t e c t  p a r t i c l e s  less than  1 .5  microns, p a r t i c l e  
s i z e  d i s t r i b u t i o n  i n  t h e  0-1.5 micron range i s  no t  shown i n  
F igure  1. 

A cu r so ry  examination of t h e  

However, t h e  d a t a  

I t  was observed from t h e  in f r a red  s p e c t r a  of t h e  -150, +325 mesh 
t h a t  t h e  presence of small  p a r t i c l e s  nega tes  t h e  use  of t h i s  
f r a c t i o n  f o r  t h e  50-100 micron f r a c t i o n .  An examination of Figure 
4 w i l l  i l l u s t r a t e  t h e  s i m i l a r i t y  of s p e c t r a  of t h e  -150, +325 mesh 
and t h e  0-3.5 micron f r a c t i o n .  
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The s e l e c t e d  f r a c t i o n s  of quartz  powder was subjec ted  t o  x-ray 
a n a l y s i s  and t o  s tandard in f r a red  s p e c t r a l  a n a l y s i s  w i t h  K B r  
p e l l e t s .  A r epor t  from t h e  X-ray Powder Dif f rac tometry  Labo- 
r a t o r y  of P h i l i p s  Laborator ies  i n  B r i a r c l i f f  Manor, New York, 
i n d i c a t e s  t h a t  a l l  t h e  d i f f r a c t i o n  l i n e s  of 5-139, 5-142, 5-143, 
5-145, corresponding t o  f r a c t i o n  s i z e s  50-100, 20-30, 10-20, and 
below 3.5 microns, respec t ive ly ,  w e r e  i d e n t i f i e d  on t h e  b a s i s  of 
a s i n g l e  (qua r t z )  phase.  N o  other  phases w e r e  observed although 
cursory  microscopic examination showed t h e  presence of a small  
amount of a b lack  impurity.  

Standard i n f r a r e d  spec t r a  (Figure 4)  of q u a r t z  powders i n  K B r  
p e l l e t  form w e r e  obtained f o r  t h e  f r a c t i o n s  0-3.5, 10-20, and 
20-30 microns. A s  mentioned previously,  t h e  -150, +325 mesh 
f r a c t i o n  was separated by screening,  a process  which has proven 
t o  be inadequate f o r  t h e  present  i n v e s t i g a t i o n .  K B r  p e l l e t s  
(Harshaw In f ra red  Q u a l i t y  Potassium Bromide Powder) weighing 
300 mil l igrams - each containing a 0.17% q u a r t z  f r a c t i o n  (0-3.5, 
10-20, and 20-30 m i c r o n s )  - were examined, by t ransmiss ion ,  i n  
t h e  2.5 t o  14 micron wavelength range. 
f r a c t i o n ,  t h e  bands due t o  quar tz  (see Figure 4) a r e  i d e n t i f i e d  
a t  8.6, 9.2, 12.5 and 12.75 microns. Figure 4 shows t h a t  u s e f u l  
t ransmiss ion  spec t r a  a r e  n o t  obtained from t h e  l a r g e r  f r a c t i o n s .  
F i n a l l y ,  it can be seen t h a t  t h e  spectrum of t h e  -150, +325 mesh 
f r a c t i o n  resembles t h e  spectrum of t h e  0-3.5 micron f r a c t i o n .  

For t h e  0-3.5 micron 
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3 . 3  Modif icat ion For Varyinq Anqle-of-Incidence 

3 . 3 . 1  Spectrometer Modif icat ion 

The l a b o r a t o r y  i n f r a r e d  spectrometer was modified i n  o r d e r  t o  
f a c i l i t a t e  measurements a t  var ious angles-of-incidence.  
var iab le-angle  attachment enables  one t o  vary  t h e  angle-of- 
inc idence  on t h e  i n t e r n a l  r e f l e c t i o n  element; it a l s o  provides  
a d i r e c t  reading  of t h e  angle  s e l e c t e d .  An important  r equ i r e -  
ment f o r  t h i s  device  i s  t h a t  t he  e x i t  r a y s  from it must i n t e r -  
sect the  f i x e d  mirrors  of t h e  spectrometer  system such t h a t  
t h e r e  i s  no displacement  of t h e  r ays  w i t h  changes i n  angle-of- 
inc idence .  Without t h i s  requirement,  it would be necessary  t o  
r e a l i g n  t h e  spectrometer  m i r r o r  system each t i m e  t h e  angle-of- 
inc idence  i s  changed. 

The 

The modi f ica t ion  t o  t h e  spectrometer cons i s t ed  of t h e  incorpo- 
r a t i o n  of a device  (Ref. 3)  comprising a prism, i n t e r n a l  
r e f l e c t i o n  element,  and a mirror for  r e f l e c t i n g  t h e  l i g h t  on to  
t h e  prism. The dev ice  employs t h e  p r i n c i p l e s  of a r igh t - ang le  
mirror system. These p r i n c i p l e s  a r e  (1) t h e  d i r e c t i o n s  of t h e  
c e n t r a l  en t r ance  r a y s  and t h e  c e n t r a l  e x i t  r a y s  a r e  p a r a l l e l ,  
and ( 2 )  a r o t a t i o n  about t h e  po in t  of i n t e r s e c t i o n  of t h e  t w o  
r i gh t - ang le  mirrors  does n o t  a l t e r  t h e  d i s t a n c e  between t h e  
en t r ance  and e x i t  rays .  I t  should be noted (see Figure  5) t h a t  
t h e  i n t e r n a l  r e f l e c t i o n  e l e m e n t  i s  mounted on a s u r f a c e  which i s  
perpendicular  t o  t h e  mi r ro r  which r e f l e c t s  t h e  e x i t  beam f r o m  
t h e  i n t e r n a l  r e f l e c t i o n  element onto  t h e  prism. 

The p r i n c i p l e s  mentioned above w i l l  be considered v i a  an  a n a l y s i s  
of t h e  c e n t r a l  r a y s  of t h e  v a r i a b l e  angle  a t tachment  (see Figure  
5 ) .  A s  f a r  a s  t h e  c e n t r a l  rays  a r e  concerned, t h e  back s u r f a c e  
of t h e  hemicylinder of t h e  i n t e r n a l  r e f l e c t i o n  element, and t h e  
s u r f a c e  t o  which it i s  mounted, can be considered a s  a p lane  
mirror. 
p a r a l l e l  t o  t h e  base of t h e  r ight-angle  prism. The s u r f a c e  on 
which t h e  i n t e r n a l  re f lec t ion  element i s  mounted and t h e  mi r ro r  
used t o  ref lect  t h e  e x i t  l i g h t  from t h e  i n t e r n a l  r e f l e c t i o n  element 
c o n s t i t u t e  a r igh t - ang le  mirror  system. 
ang le  pr ism and t h e  v e r t e x  of t h e  r igh t - ang le  mirror system a r e  
loca t ed  on a l i n e  perpendicular  t o  t h e  base of t h e  r igh t - ang le  
prism. 

The c e n t r a l  r a y s  of t h e  i n c i d e n t  l i g h t  on t h e  pr ism a r e  

The v e r t e x  of t h e  r i g h t -  

$'*+ 
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3.3.2 Analysis of Variable-Anqle Attachment 

P r i n c i p l e  # 1. 
d i r e c t i o n  of t h e  r e f l e c t e d  c e n t r a l  r a y  from t h e  r igh t -angle  prism 
t o  t h e  su r face  H must be p a r a l l e l  t o  t h e  r e f l e c t e d  c e n t r a l  r a y  
from t h e  r e f l e c t i n g  mir ror  whose purpose i s  t o  r e f l e c t  t h e  e x i t  
l i g h t  from the i n t e r n a l  r e f l e c t i o n  element onto t h e  prism, inde- 
pendent of r o t a t i q n s  about the  ve r t ex  of t h e  r ight-angle  mir ror  
system. Rotat ion about the point of i n t e r s e c t i o n  of t h e  "two" 
r igh t -angle  mi r ro r s  causes the  reflected c e n t r a l  r ays  f r o m  t h e  
prism t o  i n t e r s e c t  "mirror"  H a t  d i f f e r e n t  d i s t a n c e s  from t h e  
po in t  of i n t e r s e c t i o n  of t h e  Iltwo" r igh t -angle  mir rors .  

One important proper ty  of t h e  device i s  t h a t  t h e  

L e t  A 
mirror su r face  (H), l e t  B be the  po in t  of i n t e r s e c t i o n  of t h e  
"two mi r ro r s " ,  and l e t  C be t h e  po in t  of i n t e r s e c t i o n  of t h e  e x i t  
c e n t r a l  r ays  on t h e  mirror surface used t o  r e f l e c t  t h e s e  r ays  
onto t h e  prism. A r o t a t i o n  of angle  a about po in t  B makes angle  
CAB = T T / ~  - (n/4 - a )  = n/4 + a .  A s  angle  ACB = n/4 - a, and 
s i n c e  angle  ACB p l u s  angle  CAB = T T / ~  and angle  CBA i s  a r i g h t -  
angle  f o r  a r igh t -angle  mirror system, t h e  inc iden t  angle  t o  t h e  
normal a t  C i s  n/2 - (n/4 - a )  = T T / ~  + a .  
t o  t h i s  normal i s  n/4 + a. Therefore,  t h e  sum of t h e  i n t e r i o r  
ang le s  between t h e  en t rance  c e n t r a l  r ays  a t  po in t  A and t h e  e x i t  
c e n t r a l  rays  from po in t  c i s  rr/4 - a + T T / ~  + a + T T / ~  + a = TI. 

be t h e  p o i n t  of i n t e r s e c t i o n  of the  c e n t r a l  r ays  on t h e  

The r e f l e c t i o n  angle  

However, t h e  sum of i n t e r i o r  angles  between two p a r a l l e l  l i n e s  i s  
TT, and conversely.  Therefore,  t h e  e x i t  c e n t r a l  r ays  from C a r e  
p a r a l l e l  t o  t h e  inc iden t  c e n t r a l  r a y  on A ,  independent of t h e  
r o t a t i o n  of t h e  mir ror  about po in t  B .  

P r i n c i p l e  # 2.  
exh ib i t ed  now t h a t  it has been e s t a b l i s h e d  t h a t  t h e  en t rance  
c e n t r a l  r ays  t o  t h e  right-angle mir ror  system and t h e  e x i t  c e n t r a l  
r a y s  from t h e  r igh t -angle  mirror system a r e  p a r a l l e l .  This  
p rope r ty  i s  t h a t  t h e  d is tance  (a,)  between t h e  en t rance  c e n t r a l  
r ays  t o  t h e  r ight-angle  m i r r o r  system and t h e  l i n e  drawn through 
t h e  v e r t e x  of t h e  r ight-angle  prism and po in t  B i s  equal  t o  t he  
d i s t a n c e  (a,) from t h e  l a t t e r  l i n e  t o  the  e x i t  c e n t r a l  r ays  from 
t h e  r igh t -angle  mir ror  system. C lea r ly ,  f o r  45' angle-of-incidence 
on t h e  r igh t -angle  mirror system, d, = d, by symmetry. For t h i s  
condi t ion ,  if a i s  t h e  angle of r o t a t i o n  about po in t  B ,  l e t  a 
equal  zero .  Therefore,  a represents  a r o t a t i o n  from t h i s  sym- 
m e t r i c a l  condi t ion .  U s i n g  polar coord ina tes ,  l e t  rl be t h e  

The o t h e r  important p rope r ty  of t h e  device may be 
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d i s t a n c e  from po in t  B t o  i n t e r s e c t i o n  (po in t  A )  of en t rance  
c e n t r a l  r ays  t o  t h e  r ight-angle  mirror system and ra be t h e  
d i s t a n c e  from po in t  B t o  t h e  i n t e r s e c t i o n  (po in t  C) of e x i t  
c e n t r a l  r ays  t o  t h e  r e f l e c t i n g  mir ror  t o  t h e  prism. 

d, = r, s i n  (n/4 + a) 
d, = ra s i n  ( 4 4  - a )  
d,= r, s i n  (n/4 + a )  
da ra s i n  (n/4 - a) 

Using the  law of s i n e s  f o r  t h i s  t r i a n g l e  ABC, 

= 1 f o r  a r b i t r a r y  values  of a 

Therefore ,  dl = da f o r  a l l  angles of r o t a t i o n .  

S i n c e  r o t a t i o n  of t h e  variable-angle attachment d i s p l a c e s  t h e  
var iab le-angle  i n t e r n a l  r e f l e c t i o n  element,  t w o  t r a n s l a t i o n s  a r e  
requi red  i n  order  t o  c o r r e c t  f o r  defocussing and f o r  d i sp l ace -  
ment of t h e  inc iden t  l i g h t  r e l a t i v e  t o  t h e  var iable-angle  i n t e r n a l  
r e f l e c t i o n  element.  
mounting t h e  e n t i r e  var iable-angle  assembly on a two-stage micro- 
manipulator.  

These t r a n s l a t i o n s  a r e  accomplished by 

I 
I PAGE 14  
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3.4  90' Out-of-Phase Choppinq 

3.4.1 P r i n c i p l e  of Operation 

Ninety-degree out-of-phase chopping was incorpora ted  i n t o  t h e  
l abora to ry  i n f r a r e d  spectrometer.  The system uses  a Phase Null  
Photometric System designed by Instruments  and Communications, 
Inc.  of Wilton, Connecticut f o r  P h i l i p s  Labora tor ies .  

The p r i n c i p l e  of opera t ion  of t h e  spectrophotometer i s  b r i e f l y  
a s  fol lows:  The vec to r  addi t ion  of two s i n u s o i d a l  waves of 
t h e  same frequency ( i n  t h i s  case,  17 cycles/sec.)  , bu t  d i f -  
f e r e n t  i n  phase by 90°, r e s u l t s  i n  a s i n u s o i d a l  wave whose 
phase - r e l a t i v e  t o  one of the components - v a r i e s  a s  t h e  a rc-  
t angen t  of t h e  r a t i o  of t h e  amplitudes of t h e  o r i g i n a l  waves. 
I n  t h i s  system, two 90" out-of-phase o p t i c a l  s i g n a l s  (sample 
and r e fe rence )  a r e  generated v ia  mechanical chopperg. I n  
a d d i t i o n ,  t w o  e l e c t r i c a l  s i g n a l s ,  90" out-of-phase wi th  each 
o t h e r  and f ixed  i n  phase re la t ive t o  t h e  o p t i c a l  s i g n a l ,  a r e  
generated through a pho toce l l  phase-sh i f t ing  network a s soc ia t ed  
w i t h  t h e  chopper. The two o p t i c a l  s i g n a l s  a r e  summed i n  t h e  
monochromator d e t e c t o r ;  t h e  t w o  e l e c t r i c a l  s i g n a l s  (analogous 
t o  t h e  sample and re ference  o p t i c a l  s i g n a l s )  a r e  summed by 
e lectronic  c i r c u i t r y .  Thus, t w o  s i n u s o i d a l  waves have been 
generated whose phase angles  a r e  a func t ion  of t h e  r a t i o  of 
t h e i r  r e s p e c t i v e  components. 

The I . C . I .  Phase Null  Photometric System compares t h e  phase of 
t h e  o p t i c a l  r e s u l t a n t  s inuso ida l  wave w i t h  t h e  phase of t h e  
r e s u l t a n t  electronically-generated wave, and adjustments a r e  
made on t h e  phase of t h e  e l e c t r i c a l l y  -generated s i n u s o i d a l  
wave t o  produce a n u l l .  The phase angles  o f  the  two s i g n a l s  
a r e  now i d e n t i c a l ,  and t h e  r a t i o  of t h e i r  components a r e  there-  
f o r e  t h e  same. S ince  t h e  "reference" component of t h e  
electronically-generated s i g n a l  is  cons t an t ,  a measurement of 
t he  "sample" component of t h e  electronically-generated s i g n a l  
i s  p ropor t iona l  t o  t h e  r a t i o  of t h e  electronically-generated 
s i g n a l s  and, t hus ,  t o  t h e  r a t i o  of t h e  components of t h e  re- 
s u l t a n t  o p t i c a l  s i g n a l .  

The o r i g i n a l  design frequency was 1 2  cyc le s  per  second bu t  
e l e c t r i c a l  d i s turbances  created by o the r  1 2  cyc le s  pe r  second 
systems requi red  t h a t  the  frequency be changed t o  17 cyc le s  
per  second. Also, coherent  e lectromagnet ic  f i e l d s  generated 
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by r o t a t i n g  magnetic f i e l d s  required t h e  use of a photo- 
o p t i c a l  phasing d e t e c t o r  fo r  e s t a b l i s h i n g  a common re fe rence  
phase f o r  t h e  opt ical ly-generated s i g n a l s  and t h e  e l ec tqon ica l ly -  
generated s i g n a l s .  

3.4.2 S i s n a l  Processinq 

Any corresponding po in t s ,  i n  t i m e ,  on each of t h e  two waves 
( o p t i c a l ,  e l e c t r i c a l )  can be used f o r  comparing t h e  wave phases;  
i n  t h i s  p a r t i c u l a r  case,  t h e  zero-crossing p o i n t s  (where the  
wave goes through zero)  a r e  adjusted t o  correspond i n  t i m e .  By 
so  doing, t h e i r  phases correspond, and, t h e r e f o r e ,  t h e  r a t i o  of 
t h e i r  r e s p e c t i v e  wave components a r e  equal .  The following para- 
graphs desc r ibe  the  s i g n a l  processing involved. 

The output  of t h e  thermocouple d e t e c t o r  (Reeder RP-3W) from t h e  
monochromator i s  s e n t  t o  t h e  Phase N u l l  Photometric System where 
t h e  fol lowing opera t ions  a r e  performed. The s i g n a l  i s  f i r s t  
preamplif ied and then wave-shaped and amplif ied by a tuned 
a m p l i f i e r .  This s i g n a l ,  a 1 7  cycle/sec s i n u s o i d a l w a v e ,  i s  then  
shaped i n t o  a square wave by a "zero-crossing" c i r c u i t .  This  
c i r c u i t  i s  c a l l e d  "zero-crossing" because t h e  s t e p s  of t h e  square 
wave correspond t o  t h e  ze ro  po in t s  of t h e  s inuso ida l  wave. I t  
should be noted t h a t  t h e  zero c ros s ings  s h i f t  w i th  change i n  
phase of t h e  wave. These pulses  a r e  then  s e n t  t o  a comparison 
c i r c u i t  where they  a r e  compared wi th  corresponding pu l ses  from 
t h e  e l ec t ron ica l ly -gene ra t ed  s i g n a l .  

P e r t a i n i n g  t o  t h e  e lec t ronica l ly-genera ted  wave, a pho toce l l  
detector i n  conjunction wi th  t h e  mechanical chopper i s  used  t o  
produce an e l e c t r i c a l  reference s i g n a l .  T h i s  s i g n a l  i s  wave 
shaped and amplif ied by a tuned a m p l i f i e r  t o  produce a 1 7  cps 
s i n u s o i d a l  wave. I t  i s  then  passed through a phase s h i f t i n g  
c i r c u i t  t o  produce two s igna l s  d i f f e r r i n g  i n  phase by 90". 
These two s i g n a l s  a r e  added v e c t o r i a l l y  by an adding c i r c u i t ,  
passed through a "zero-crossing" c i r c u i t ,  a d i f f e r e n t i a t i n g  
c i r c u i t ,  and f i n a l l y  t o  t h e  comparison c i r c u i t .  

The output  of t h e  comparison c i r c u i t  i s  used  by an e l e c t r o n i c  
servo  c i r c u i t  f o r  ad jus t ing  one of t h e  two s i g n a l  components of 
t h e  e lec t ronica l ly-genera ted  wave. This  adjustment equa l i zes  
t h e  phases of t h e  e lec t ronica l ly-genera ted  and opt ica l ly-genera ted  
waves. Since t h e  r a t i o  of t h e  components of each wave a r e  now 
equal ,  measurement of t h e  r a t i o  of t h e  wave components of t he  
electronicallyrgenerated wave i s  equ iva len t  t o  measuring the  r a t i o  
of t h e  opt ica l ly-genera ted  wave components. This measured r a t i o  
i s  then  fed t o  an x-y pen recorder .  
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3.5 Spectra  of Powdered Quar tz  Samples 

I n t e r n a l  r e f l e c t i o n  spec t r a  were obtained of t h e  fol lowing 
e l u t r i a t e d  qua r t z  powder f r a c t i o n s :  0-3.5, 10-20, 20-30 microns. 
Fixed-angle double-pass horizonal  germanium p l a t e s  w e r e  used. 
Measurements w e r e  made of the  l i g h t  po la r i zed  perpendicular ly  
and p a r a l l e l  t o  t h e  plane-of-incidence,  us ing  angles-of-incidence 
of 30°, 45', 60'. By perpendicular  p o l a r i z a t i o n  w e  mean t h a t  the  
e lec t r ic  vec to r  plane of v i b r a t i o n  i s  perpendicular  t o  t h e  plane- 
of- incidence;  by p a r a l l e l  p o l a r i z a t i o n  w e  mean t h a t  t h e  e lectr ic  
vec to r  plane of v i b r a t i o n  i s  p a r a l l e l  t o  t he  plane-of-incidence.  
Using e l u t r i a t e d  qua r t z  powder samples, measurements of re- 
f l e c t a n c e  a t  var ious  angles-of-incidence w e r e  a l s o  made near 
t h e  c r i t i c a l  angle ,  using germanium and ga l l ium a r sen ide  i n t e r n a l  
r e f l e c t i o n  e l e m e n t s  (hemicylinders) . These l a t t e r  measurements 
y i e l d  d ispers ion- type  spec t ra  which a r e  u s e f u l  f o r  determining 
o p t i c a l  cons t an t s .  

There a r e  gene ra l  c h a r a c t e r i s t i c s  of t h e  i n t e r n a l  r e f l e c t i o n  
s p e c t r a  of t h e  powdered quar tz  f r a c t i o n s  t h a t  can be b e s t  seen 
by p lac ing  t h e  spec t r a  of t h e  t h r e e  f r a c t i o n s  on t h e  same graph. 
The o r d i n a t e  s c a l e  of t h e  spec t ra  i s  i n  percent  r e f l e c t a n c e ;  t h e  
a b s c i s s a  i s  given a s  wavelength i n  microns.  
a r e  d i sp l aced  along t h e  o rd ina te  t o  f a c i l i t a t e  comparison, and 
each curve r e t a i n s  i t s  zero t o  one hundred percent  o r d i n a t e  s c a l e .  
The angle-of-incidence and s t a t e  of p o l a r i z a t i o n  a r e  ind ica t ed  on 
each graph. A comparison l i n e  a t  9.2 microns i s  shown on each 
f i g u r e ;  t h i s  i s  t h e  p o s i t i o n  of the abso rp t ion  band of powdered 
q u a r t z  a s  e s t a b l i s h e d  from F i g u r e  4.  The c h a r a c t e r i s t i c s  of t h e  

The family of curves 

a r e  a s  follows: 

For perpendicular  p o l a r i z a t i o n ,  the r e f l e c t a n c e  minima 
a r e  s h i f t e d  t o  longer wavelengths r e l a t i v e  t o  9.2 microns 
and occur a t  approximately 9.6 microns. 

For p a r a l l e l  p o l a r i z a t i o n ,  the  r e f l e c t a n c e  minima a r e  
s h i f t e d  t o  t h e  s h o r t e r  wavelengths r e l a t i v e  t o  9.2 
microns and a r e  dependent on p a r t i c l e - s i z e .  

For p a r a l l e l  p o l a r i z a t i o n ,  t h e  l o c a t i o n  of the  band a t  
8.6 microns i s  somewhat  independent of p a r t i c l e - s i z e .  
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F igu res  6 through 11 a r e  i n t e r n a l  r e f l e c t i o n  spec t r a  of t h e  
powdered qua r t z  f r a c t i o n s  using 60°, 45" ,  30" angles-of-incidence,  
germanium double-pass p l a t e s ,  and perpendicular  and p a r a l l e l  
p o l a r i z a t i o n s .  The fol lowing t a b l e  t a b u l a t e s  t h e  r e f l e c t a n c e  
minima near  t h e  9 micron r e g i o n .  

It should be noted t h a t  t h e  loca t ions  of the  bands a r e  sub- 
s t a n t i a l l y  independent of t h e  angle-of-incidence 8 for  the  0-3.5 
f r a c t i o n .  However, f o r  8 = 30°, t h e r e  i s  a s h i f t  towards t h e  
longer  wavelengths f o r  t h e  l a r g e r  f r a c t i o n s .  A s h i f t  towards 
longer  wavelengths w i t h  decrease of 9 i s  c h a r a c t e r i s t i c  of 
i n t e r n a l  r e f l e c t i o n  measurements on bulk ma te r i a l s .  

Table I: Locations of Reflectapce Minima Near 9u Region 

Quartz F rac t ion  Quar t z  F rac t ion  Quar t z  F rac t ion  

P o l a r i z a t i o n  P o l a r i z a t i o n  P o l a r i z a t i o n  
0 - 3 . 5 ~  10-2011 2 0 - 3 0 ~  

8 Perpend. P a r a l l e l  Perpend. P a r a l l e l  Perpend. P a r a l l e l  

60' 9.4p 9 . 2 ~  9.451-1 8.711 9.511 8 . 5 ~  

45" 9.511 9.211 9.5511 8 . 7 ~  9.611 8 . 5 ~  

30° 9.5y 9 . 2 ~  9.7u 8.811 9.711 8 . 7 ~  

Figure 1 2  p re sen t s  t h e  i n t e r n a l  re f lec t ion  spec t r a  of t h e  0-3.511 
powdered qua r t z  f r a c t i o n  u s i n g  a var iab le-angle  germanium hemi- 
c y l i n d e r  and var ious  s t a t e s  of p o l a r i z a t i o n .  The curves il- 
l u s t r a t e  t h e  displacement of the  minima t o  longer wavelengths i n  
t h e  reg ion  of 9.2 microns, for  perpendicular  p o l a r i z a t i o n  and 
8 = 45O. For angles-of-incidence below t h e  c r i t i c a l  angle  (20', 
18", 16O, 15')  , t h e r e  is  a s m a l l  s h i f t  i n  t h e  minima toward the  
longer  wavelengths.  

F igure  13  shows t h e  i n t e r n a l  r e f l e c t i o n  spec t r a  of t h e  0 - 3 . 5 ~  
powdered qua r t z  f r a c t i o n  u s i n g  a var iab le-angle  ga l l ium a r sen ide  
hemicylinder and var ious  s t a t e s  of p o l a r i z a t i o n .  The curves  il- 
l u s t r a t e  t h e  expected displacement of the 9.2 micron minima t o  
longer  wavelengths f o r  perpendicular p o l a r i z a t i o n  and a d isp lace-  
ment of t h e s e  minima t o  sho r t e r  wavelengths f o r  p a r a l l e l  po lar -  
i z a t i o n .  The o t h e r  curves i l l u s t r a t e  t h e  expected displacement 
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of t h e  minima toward longer wavelengths f o r  angles-of- incidence 
less t h a n  t h e  c r i t i c a l  angle  w i t h  t h e  ga l l i um a r sen ide /qua r t z  
system. In  a d d i t i o n ,  t h e r e  is a r educ t ion  i n  t h e  c o n t r a s t  of 
t h e  s p e c t r a  near  9 microns f o r  angles-of- incidence below t h e  
c r i t i c a l  ang le .  

F igure  14 p r e s e n t s  t h e  i n t e r n a l  r e f l e c t i o n  s p e c t r a  of t h e  10-2011 
powdered q u a r t z  f r a c t i o n  using a var iab le-angle  germanium hemi- 
c y l i n d e r  and d i f f e r e n t  s t a t e s  of p o l a r i z a t i o n .  The r educ t ion  i n  
c o n t r a s t  of t h e  s p e c t r a  fo r  angles-of-incidence below t h e  
c r i t i c a l - a n g l e  and near  t h e  9 micron reg ion  can be seen i n  t h i s  
l a r g e r  p a r t i c l e - s i z e  f r a c t i o n .  
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3.6 Ref l ec t ion  Mechanism a t  Surface/Powder I n t e r f a c e  

The powdered qua r t z  da t a  was analyzed: our observa t ions  and 
i n t e r p r e t a t i o n s  a r e  a s  follows: 

3 .6 .1  Observations 

a )  I n t e r a c t i o n  i n  Non-Absorbinq Reqions. I n  t h e  non-absorbing 
reg ions  (where t h e  index of r e f r a c t i o n  n i s  much g r e a t e r  than  t h e  
e x t i n c t i o n  coef f ic ien t  k ,  i n  t h e  complex r e f r a c t i v e  index 
A n = n - i k )  l i t t l e  o r  no change i n  t h e  r e f l e c t a n c e  w i t h  change i n  
p a r t i c l e  s i z e  o r  change i n  wavelength was observed f o r  bo th  
p a r a l l e l  and perpendicular  p o l a r i z a t i o n ,  a t  angles-of-incidence 
of 30°, 45O and 60'. 
b e t t e r  a t  t h e  s h o r t e r  wavelengths ( 2  t o  5y) t han  a t  t h e  longer  
wavelengths ( g r e a t e r  than  lOu),  p r i n c i p a l l y  because of t h e  lower 
noise  l e v e l s .  This  i s  due t o  t h e  h igher  i n f r a r e d  power a v a i l a b l e  
a t  t h e  s h o r t e r  wavelengths.  

The accuracy of these r e s u l t s  i s  cons iderably  

b )  In t e rac t ion .  i n  Absorbinq Reqions. 

I n t e r n a l  r e f l e c t i o n  spec t ra  can be obtained r e g a r d l e s s  of 

Cont ras t  of spec t r a  decreases  wi th  inc rease  i n  angle-of- 

p a r t i c l e  s i z e .  

inc idence ,  w i th  increase  i n  r e f r a c t i v e  index of t h e  
i n t e r n a l  r e f l e c t i o n  element and wi th  inc rease  i n  t h e  
p a r t i c l e  s i z e  of t h e  powder. 

The spec t r a  for  perpendicular  p o l a r i z a t i o n  show a d i s -  
placement of t h e  absorpt ion bands,  w i th  r e spec t  t o  t h e  
9.2 micron r e fe rence ,  towards longer wavelengths.  These 
displacements do not  seem t o  be s t r o n g l y  dependent on 
p a r t i c l e  s i z e ,  however, displacements a r e  p re sen t  i n  a l l  
powdered q u a r t z  f r a c t i o n s .  

- The spec t r a  f o r  p a r a l l e l  p o l a r i z a t i o n  show a d i sp lace -  
ment of t h e  absorp t ion  bands,  w i th  r e s p e c t  t o  t h e  9.2 
micron r e fe rence  l i n e ,  towards s h o r t e r  wavelengths.  Ex- 
c e p t  f o r  t h e  3.5 micron f r a c t i o n ,  t h e s e  displacements 
depend s t r o n g l y  on p a r t i c l e  s i z e .  A s  t h e  par t i ' c le  s i z e  
i n c r e a s e s ,  t h e  bands become f u r t h e r  d i sp laced  towards t h e  
s h o r t e r  wavelengths.  ' S u c h  a l g r g e  displqcement o r  change 
wi th  p a r t i c l e  s i z e  was n o t  observed f o r  t h e  band a t  8 . 5 ~ .  
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3.6.2 I n t e r p r e t a t i o n s  

a )  Non-Absorbinq Req ions .  The most important observat ion i n  t h e  
course of t h i s  work was t h e  f u r t h e r  confirmation of l i t t l e  o r  no 
s c a t t e r i n g  i n  non-absorbing regions ( a t  8 = 45' )  by p a r t i c u l a t e  
mat te r  on t h e  su r face  of t h e  i n t e r n a l  r e f l e c t i o n  element - for 
powdered specimens whose diameters w e r e  sma l l e r ,  equa l  t o  and 
g r e a t e r  than t h e  wavelength of t h e  l i g h t  used. 

S imi la r  observa t ions  w e r e  a l s o  made a t  anqles-of-incidence of 30° 
and 60°, using germanium i n t e r n a l  r e f l e c t i o n  p l a t e s .  The s ig -  
n i f i c a n c e  of t h e s e  observat ions i s  t h a t  o p t i c a l  spec t r a  can be 
recorded of p a r t i c u l a t e  mat ter  by means of i n t e r n a l  r e f l e c t i o n .  
Furthermore,  no sample prepara t ion  i s  r equ i r ed ,  i . e . ,  no n u l l s ,  
p e l l e t s ,  or p a r t i c l e  s i z i n g .  I t  should be r e c a l l e d  Chat because 
of excess ive  l i g h t  s c a t t e r i n g ,  u s e f u l  spec t r a  cannot be obtained 
v i a  t ransmiss ion  techniques unless  t h i s  s c a t t e r i n g  is consider- 
a b l y  reduced. This  s c a t t e r i n g  can be reduced considerably by 
employing very f i n e  p a r t i c l e s  or  by embedding t h e  powder i n  a 
ma t r ix  of t h e  same r e f r a c t i v e  index. I n  t h e  l a t t e r  case,  a m a t r i x  
having a s u i t a b l e  r e f r a c t i v e  index cannot always be found, and it 
i s  n o t  always p o s s i b l e  to match t h e  i n d i c e s  over t h e  e n t i r e  wave- 
l e n g t h  range. 

Although cons iderable  thought and d i scuss ion  has  been devoted t o  
t h i s  apparent  l a c k  of s c a t t e r i n g ,  w e  can o f f e r  no t h e o r e t i c a l  ex- 
p l a n a t i o n  f o r  t h i s  observation. S c a t t e r i n g ,  it should be re- 
c a l l e d ,  is extremely involved and only  t h e  s imples t  problems 
involv ing  s c a t t e r i n g  have been solved. 

A mathematical  model t h a t  could be used f o r  i n t e r p r e t i n g  t h e  small  
or n e g l i g i b l e  loss i n  r e f l ec t ance  i n  t h e  non-absorbing reg ions  
would involve t h e  following: examination of t h e  s c a t t e r i n g  from 
homogeneous, i s o t r o p i c  sphe r i ca l  p a r t i c l e s ,  us ing  an i n c i d e n t  
wave having an exponent ia l ly  decreasing amplitude.  The formal 
mathematics a r e  s i m i l a r  t o  Mie's s o l u t i o n  (Ref. 4)  of a r igo rous  
s o l u t i o n  f o r  t h e  d i f f r a c t i o n  of a plane monochromatic wave by a 
homogeneous sphere of any composition and s i z e  i n  a homogeneous 
medium. 
an exponen t i a l ly  decreasing amplitude i n  t h e  d i r e c t i o n  of t h e  
normal t o  t h e  su r face  of t h e  i n t e r n a l  r e f l e c t i o n  element .  This 
t h e o r e t i c a l  a n a l y s i s  i s  appl icable  t o  both  (1) t h e  wave component 
t r a v e l i n g  t a n g e n t i a l l y  t o  t h e  su r face  of t h e  i n t e r n a l  r e f l e c t i o n  
e l e m e n t  and (2) t h e  wave component t r a v e l i n g  normal t o  t h i s  s u r f a c e .  
The a n a l y s i s  may be extended t o  t h e  case where t h e  s p h e r i c a l  
p a r t i c l e  has been replaced by a c y l i n d r i c a l  p a r t i c l e  of i n f i n i t e  
l eng th .  

The only  change i s  t h a t  t h e  plane monochromatic wave has  
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The e x t e n t i o n  of t h e  s o l u t i o n  f o r  any number of s p h e r i c a l  or 
c y l i n d r i c a l  p a r t i c l e s  i s  based on t h e  assumption t h a t  t h e r e  a r e  
no coherent  phase r e l a t i o n s  between t h e  l i g h t  s c a t t e r e d  by t h e  
i n d i v i d u a l  p a r t i c l e s .  

b )  Absorbins Reqions. The second most important observa t ion  i s  
t h a t  s p e c t r a  can be obtained regard less  of p a r t i c l e  s i z e .  This 
i s  no t  so i n  t ransmission,  where, i f  t h e  p a r t i c l e s  a r e  t o o  l a r g e ,  
no u s e f u l  spec t r a  can be obtained because any l i g h t  s t r i k i n g  t h e  
p a r t i c l e  i s  completely absorbed ( i n  t h e  absorbing r e g i o n s ) .  

The decrease  i n  c o n t r a s t  of the  i n t e r n a l  r e f l e c t i o n  s p e c t r a  w i t h  
i n c r e a s e  i n  p a r t i c l e  s i z e  is  explained by t h e  decrease  i n  packing 
f r a c t i o n .  The decrease i n  c o n t r a s t  of t h e  spec t r a  wi th  inc rease  
of r e f r a c t i v e  index of t h e  i n t e r n a l  r e f l e c t i o n  element and wi th  
inc rease  i n  t h e  angle-of-incidence is a l s o  completely understood 
( R e f .  5 ) .  This i s  explained by t h e  change i n  i n t e r a c t i o n  of t h e  
evanescent wave wi th  t h e  absorbing medium wi th  change i n  angle- 
of- incidence and change i n  r e f r a c t i v e  index. 

I n  t h e  previous work on qua r t z -kao l in i t e  m i x t u r e s ,  t h e  spec t r a  
resembled t h a t  obtained v i a  t ransmission and was, except  f o r  
c o n t r a s t ,  s u b s t a n t i a l l y  independent of p a r t i c l e  s i z e .  I n  o t h e r  
work a t  P h i l i p s  Labora tor ies ,  t h e  spec t r a  of i s o t r o p i c  m a t e r i a l  - 
except  f o r  c o n t r a s t  - w e r e  found t o  be independent of polar -  
i z a t i o n .  This d i f f e r e n c e  i n  c o n t r a s t  can be explained i n  t e r m s  
of t h e  i n t e r a c t i o n  mechanisms f o r  d i f f e r e n t  p o l a r i z a t i o n s  ( R e f .  5 ) .  
I n  t h e  p r e s e n t  work, t h e  spec t ra  w e r e  found t o  be dependent bo th  
on p o l a r i z a t i o n  and t o  some exten t  on t h e  p a r t i c l e  s i z e .  W e  have 
no t h e o r e t i c a l  explana t ion  for t h i s .  However, w e  wish t o  p o i n t  
ou t  s o m e  of the  d i f f i c u l t i e s  involved. F i r s t l y ,  f o r  an undamped 
m a t e r i a l  l i k e  q u a r t z ,  very  l a rge  changes i n  r e f r a c t i v e  index 
( e .g . ,  0 t o  7 )  and i n  absorpt ion c o e f f i c i e n t  (zero t o  m e t a l l i c )  
occur i n  t h e  v i c i n i t y  of absorpt ion bands.  Also, qua r t z  i s  bire- 
f r i n g e n t ;  and, i n  t h e  p re sen t  measurements, w e  a r e  dea l ing  wi th  
p a r t i c u l a t e  mat te r .  A l l  of these  f a c t o r s  make t h e  problem of 
p r e c i s e l y  expla in ing  t h e  r e s u l t s  extremely complicated.  Further-  
m o r e ,  it should be r e a l i z e d  t h a t  t h e  condi t ion  f o r  t o t a l  i n t e r n a l  
r e f l e c t i o n ,  where t h e  angle-of-incidence exceeds t h e  c r i t i c a l  
ang le ,  cannot be maintained on a m a t e r i a l  l i k e  q u a r t z  because of 
t h e  l a r g e  changes i n  r e f r a c t i v e  index. For a high index, i n t e r n a l  
r e f l e c t i o n  p l a t e  m a t e r i a l  l i k e  germanium, t h e  index n equa l s  4; 
y e t  f o r  q u a r t z ,  n changes from 0 t o  more than 7 .  A l s o ,  t h e  low 
r e f r a c t i v e  index and high absorpt ion c o e f f i c i e n t  f o r  qua r t z  make 
t h e  r e f l e c t i o n  m e t a l l i c  i n  some s p e c t r a l  reg ions .  
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I n  an  a t tempt  t o  i n t e r p r e t  t he  s p e c t r a  of t h e  powdered q u a r t z ,  
i n t e r n a l  re f lec t ion  measurements were made on a s o l i d  o r i e n t e d  
q u a r t z  p l a t e  (see Figures  15 ,16) .  The d r a s t i c  d i f f e r e n c e s  i n  
t h e  s p e c t r a  f o r  perpendicular  and p a r a l l e l  p o l a r i z a t i o n  should 
be noeed, a s  w e l l  a s  some s i m i l a r i t i e s  of t h e  s p e c t r a  of t h e  
s o l i d  t o  t h o s e  of t h e  powders. For a complex r e f r a c t i v e  index  
and b i r e f r i n g e n t  m a t e r i a l ,  w e  have no doubt t h a t  t h e s e  measure- 
ments on t h e  s o l i d  q u a r t z  p l a t e  can be explained by F r e s n e l ' s  
equa t ions .  I n  our  opinion,  measurements of t h i s  type  should be 
continued and understood before  a t tempt ing  t o  understand t h e  
r e s u l t s  f o r  p a r t i c u l a t e  mat ter  l i k e  q u a r t z .  
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3.7 Methods f o r  Q u a n t i t a t i v e  Measurements 

There i s  no fundamental problem i n  making q u a n t i t a t i v e  measure- 
ments v i a  I n t e r n a l  Re f l ec t ion  Spectroscopy. For a complex 
r e f r a c t i v e  index, t h e  degree of i n t e r a c t i o n  of t h e  evanescent 
wave w i t h  t h e  r a r e r  medium is expressed p r e c i s e l y  by F r e s n e l ' s  
equa t ions .  Uniform phys ica l  contact  between t h e  i n t e r n a l  re- 
f l e c t i o n  e l emen t  and t h e  r a r e r  medium i s  assumed, and such 
con tac t  i s  e a s i l y  achieved f o r  l i q u i d s  and p l i a b l e  m a t e r i a l s .  
For so l ids  and powders, on t h e  o t h e r  hand, good uniform con tac t  
i s  not  r e a d i l y  achieved. Therefore,  i n  t h e s e  cases ,  before  
q u a n t i t a t i v e  measurements can be made, t h e  a c t u a l  o r  e f f e c t i v e  
a rea  of con tac t  between t h e  i n t e r n a l  r e f l e c t i o n  element and t h e  
sample m a t e r i a l  must  be determined. 

A method i s  proposed f o r  determining t h i s  con tac t  a r ea  for  s o l i d s  
and powders. This  method is based on a measurement of t h e  re- 
f l e c t i v i t y  a t  t h e  p r i n c i p a l  angle i n  wavelength reg ions  where 
t h e  sample m a t e r i a l  is  non-absorbing. It  should be r e c a l l e d  t h a t  
t h e  r e f l e c t i o n  c o e f f i c i e n t  f o r  p a r a l l e l  p o l a r i z a t i o n  i s  ze ro  a t  
t h e  p r i n c i p a l  angle .  Therefore,  any d e v i a t i o n  of t h e  r e f l e c t i o n  
c o e f f i c i e n t  from zero  w i l l  provide a measure of t h e  e f f e c t i v e  
a rea  of con tac t .  We stress "e f f ec t ive"  because a c t u a l  phys i ca l  
c o n t a c t  i s  n o t  necessary f o r  obtaining i n t e r a c t i o n  wi th  t h e  
evanescent  wave - it i s  o n l y  necessary t o  b r ing  t h e  m a t e r i a l  
t o  w i t h i n  a pene t r a t ion  depth.  The smal le r  t h e  sepa ra t ion ,  t h e  
g r e a t e r  w i l l  be t h e  i n t e r a c t i o n .  Since t h e  p e n e t r a t i o n  depth is 
d i r e c t l y  propor t iona l  t o  wavelength, t h e  e f f e c t i v e  a rea  of con tac t  
w i l l  i nc rease  a s  t h e  wavelength inc reases .  Therefore,  t h e  con tac t  
a r ea  determined i n  t h i s  way m u s t  be measured i n  t h e  wavelength 
r eg ion  where t h e  o t h e r  q u a n t i t a t i v e  measurements a r e  being 
conducted. 
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d 
3.8 Comments on Measurement 8f O p t i c a l  Constants v i a  I n t e r n a l  

Re f l ec t ion  Spectroscopy 

I n t e r n a l  Re f l ec t ion  Spectroscopy has  been success fu l ly  employed 
i n  a number of cases  (Refs. 6 ,7 ,8)  f o r  t h e  measurement of o p t i c a l  
cons t an t s .  It  has some important advantages over convent ional  
t ransmiss ion  and r e f l e c t i o n  techniques i n  t h i s  a p p l i c a t i o n .  
F i r s t l y ,  t h e  absence of i n t e r f e rence  f r i n g e s  s i m p l i f i e s  t h e  in-  
t e n s i t y  measurements. Secondly, t h e  recorded spec t r a  may be made 
s e n s i t i v e  t o  e i t h e r  changes i n  absorp t ion  c o e f f i c i e n t  o r  changes 
i n  r e f r a c t i v e  index. This i s  ev iden t  i n  Figure 17 which c l e a r l y  
shows t h a t  measurements made a t  angles-of-incidence w e l l  above 
t h e  c r i t i c a l  angle  tend t o  resemble t h e  absorp t ion  c o e f f i c i e n t ,  
while  measurements made j u s t  below t h e  c r i t i c a l  angle  tend t o  re- 
semble t h e  mirror image of the d i s p e r s i o n  i n  t h e  r e f r a c t i v e  index. 
Two such measurements, j ud ic ious ly  chosen, can wi th  t h e  a i d  of 
F r e s n e l ' s  equat ions  be combined t o  y i e l d  accu ra t e  va lues  of t h e  
o p t i c a l  cons t an t s .  
from t w o  measurements made with d i f f e r e n t  p o l a r i z a t i o n s .  

The o p t i c a l  cons t an t s  might a l s o  be determined 

Simon (Refs.  9,lO) discussed a two-angle method for  t h e  measure- 
ment of t h e  o p t i c a l  cons t an t s  of m a t e r i a l s  such a s  qua r t z .  H i s  
technique employed e x t e r n a l  r e f l e c t i o n  and i s  s i m i l a r  t o  t h e  
p re sen t  approach i n  t h a t  t h e  index of r e f r a c t i o n  i s  below u n i t y  
i n  c e r t a i n  s p e c t r a l  reg ions ,  thus e s t a b l i s h i n g  t h e  condi t ion  f o r  
t o t a l  r e f l e c t i o n  without  t h e  u s e  of a prism of high index i n  
t h e s e  r eg ions ,  I n  f a c t ,  f o r  ma te r i a l s  such a s  q u a r t z ,  n o t  much 
i s  gained by employing i n t e r n a l  r e f l e c t i o n  f o r  t h e  measurement 
of o p t i c a l  cons t an t s ,  s ince  t h e  r e f r a c t i v e  index v a r i e s  too much 
and t o t a l  r e f l e c t i o n  cannot be maintained throughout t h e  ab- 
s o r p t i o n  band f o r  any angle-of-incidence . 
For measuring t h e  o p t i c a l  cons tan ts  of powdered q u a r t z ,  v i a  
i n t e r n a l  r e f l e c t i o n ,  t h e r e  a re  a number of problems. One was 
j u s t  mentioned i n  t h e  previous paragraph: v i z . ,  t h a t  w i th  l a r g e  
v a r i a t i o n s  i n  both n and k, i t  i s  ques t ionable  whether anything 
i s  gained by employing i n t e r n a l  r e f l e c t i o n  over convent ional  ex- 
t e r n a l  r e f l e c t i o n .  I t  should be noted,  however, t h a t  d i s p e r s i o n  - 
type spec t r a  can be obtained by making measurements near t h e  
c r i t i c a l  angle  (see Figures  1 2 , 1 3  and 14). Other problems have 
t o  do  w i t h  t h e  p a r t i c u l a t e  nature of t h e  sample. F i r s t l y ,  con tac t  
a rea  must be p r e c i s e l y  determined; t h i s  might be done a s  descr ibed  
i n  t h e  s e c t i o n  on q u a n t i t a t i v e  measurements. Secondly, t h e  
s p e c t r a  of t h e  powdered quartz  depends on t h e  p a r t i c l e  s i z e  and 
p o l a r i z a t i o n  which, a s  discussed e a r l i e r ,  probably i s  due t o  t h e  
l a r g e  v a r i a t i o n s  i n  t h e  o p t i c a l  cons t an t s  and t h e  b i r e f r ingence  of 
q u a r t z  (Ref. 11). 
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A comparison of t h e  s p e c t r a  (see F igures  12,13) of t h e  0 - 3 . 5 ~  
q u a r t z  f r a c t i o n  using a germanium hemicylinder (n  = 4) and a 
ga l l i um a r s e n i d e  hemicylinder (n = 3.4) i l l u s t r a t e s  t h e  e f fec t  
t h a t  t h e  m a t e r i a l  of t h e  i n t e r n a l  r e f l e c t i o n  element has  upon 
s e n s i t i v i t y .  The ga l l ium arsenide  s p e c t r a  show an i n c r e a s e  i n  
r e f l e c t a n c e  f o r  anglea-of -incidence below t h e  c r i t i c a l  angle  of 
q u a r t z ,  f o r  t h e  9 micron region. A s i m i l a r  phenomenon i s  not  
no t i ced  i n  t h e  spec t r a  obtained w i t h  t h e  germanium element.  
This  i s  n o t  s u r p r i s i n g  when one cons ide r s  t h e  l a r g e  changes i n  
t h e  r e f r a c t i v e  index of q u a r t z  nea r  9 microns. 

I n  o r d e r  t o  compare t h e  spectra of powdered q u a r t z  t o  t h e  s p e c t r a  
of s o l i d  c r y s t a l l i n e  qua r t z  fo r  i n t e r n a l  r e f l e c t i o n  spectroscopy,  
an  A-T c u t  of q u a r t z  was used. Two angles-of-incidence (45', 35O) 
w e r e  used w i t h  a KRS-5 hemicylinder and d i f f e r e n t  s t a t e s  of po la r -  
i z a t i o n .  For an  A-T c u t ,  t h e  o p t i c  a x i s  of t h e  c r y s t a l  makes an  
a c u t e  ang le  t o  t h e  normal of t h e  su r f ace ;  t h e  plane of t h e  o p t i c  
a x i s  i s  de f ined  a s  t h e  p lane  conta in ing  t h e  optic a x i s  and t h e  
normal t o  t h e  s u r f a c e  of t h e  c r y s t a l .  

F igure  15  i l l u s t r a t e s  s p e c t r a  of A-T c u t  q u a r t z  us ing  a KRS-5 
hemicyl inder ,  45' angle-of-incidence,  d i f f e r e n t  s t a t e s  of po lar -  
i z a t i o n ,  and d i f f e r e n t  o r i e n t a t i o n s  of t h e  o p t i c a l  p lane  w i t h  
r e s p e c t  t o  t h e  plane-of-incidence ( symbol ica l ly  shown by t h e  
o r i e n t a t i o n  of t h e  a r row) .  

F igure  16 i l l u s t r a t e s  s p e c t r a  of A-T c u t  q u a r t z  us ing  a KRS-5 
hemicyl inder ,  35' angle-of-incidence,  d i f f e r e n t  s t a t e s  of po lar -  
i z a t i o n ,  and d i f f e r e n t  o r i e n t a t i o n s  of t h e  o p t i c a l  p lane  w i t h  
r e s p e c t  t o  the  plane-of-incidence.  

The p r i n c i p a l  f e a t u r e  of Figures  15 and 16 i s  t h a t  t h e  perpen- 
d i c u l a r  p o l a r i z a t i o n  s p e c t r a  show no minima i n  the reg ion  of 
9 microns.  Th i s  absence i n  both t h e  powdered q u a r t z  and c r y s t a l -  
l i n e  q u a r t z  must  be a t t r i b u t e d  t o  t h e  c r y s t a l l i n e  n a t u r e  of q u a r t z  
and n o t  t o  t h e  form of t h e  qua r t z ,  i . e . ,  powder and s o l i d .  

W e  wish t o  draw a t t e n t i o n  t o  a r e c e n t  p u b l i c a t i o n  (Ref. 12)  
concerning t h e  problem of measuring t h e  o p t i c a l  cons t an t s  of 
powders. The a r t i c l e  p o i n t s  o u t  t h a t  i f  very  f i n e  powders a r e  
pressed  t o  form a ve ry  smooth s u r f a c e ,  t hen  convent ional  re- 
f l e c t i o n  measurements can be made. This  approach should also be 
s u i t a b l e  f o r  i n t e r n a l  r e f l e c t i o n  techniques ,  and should the reby  
e l i m i n a t e  the  need f o r  measuring the packing f r a c t i o n .  
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3.9 Instrument Desiqn Approach 

For s tudy  of powdered samples ( rocks and m i n e r a l s ) ,  t h e  i n s t r u -  
mentation a s  ou t l ined  i n  t h i s  r e p o r t  has proved s a t i s f a c t o r y .  
The ease  wi th  which t h e  i n t e r n a l  r e f l e c t i o n  technique can be 
employed i s  determined by t h e  spectrometer design;  t h e r e f o r e ,  
modi f ica t ion  of a spectrometer f o r  t h i s  purpose r e q u i r e s  care-  
f u l  cons idera t ion .  

The v e r t i c a l  o r  h o r i z o n t a l  double-pass p l a t e s  a r e  d e s i r a b l e  
s i n c e  one end of t h e  p l a t e  i s  free and can be dipped d i r e c t l y  
i n t o  t h e  powder. Pe r t a in ing  t o  t h e  o p t i c a l  l ayout ,  t h e  i n t e r n a l  
r e f l e c t i o n  e lements  should be r e a d i l y  a c c e s s i b l e  so t h a t  t h e  
sample can e a s i l y  be placed i n  con tac t  w i th  t h e  element.  Ade- 
qua te  space should a l s o  be provided f o r  a c c e s s o r i e s  such a s  
p o l a r i z e r s ,  etc.  Commercial attachments for convent ional  
spectrometers  do no t ,  i n  genera l ,  m e e t  t hese  requirements.  
The o p t i c a l  l ayout  w e  have developed (see Figure 5) meets t h e s e  
requirements;  and, i n  add i t ion ,  enables  t h e  angle-of-incidence 
t o  be va r i ed  over a wide range, thereby  enhancing t h e  v e r s a t i l i t y  
of t h e  instrument .  

The inco rpora t ion  of 90' out-of-phase chopping and s i g n a l  
d e t e c t i o n  e l i m i n a t e s  t h e  need for o p t i c a l  n u l l s  and programmed 
s l i t  d r i v e s .  This design f e a t u r e  has s i m p l i f i e d  t h e  cons t ruc t ion  
of t h e  p re sen t  l abora to ry  instrument.  A l s o ,  t h e  s i g n a l  pro- 
ces s ing  p r e s e n t s  t h e  r e f l ec t ance  information i n  a form which, 
when recorded,  r e q u i r e s  no a d d i t i o n a l  computation. Although 
c a r e f u l  alignment of t h e  t w o  l i g h t  beams i s  r equ i r ed ,  once a l igned ,  
t h e  instrument  has a k 0.5% s t a b i l i t y .  
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3.10 I n t e r n a l  Ref lec t ion  Spectra  of NASA-Supplied Powdered Rocks 

I n t e r n a l  r e f l e c t i o n  spec t r a  (see Figures  18 t o  33) w e r e  obtained 
f o r  t h e  four teen  (14) powdered rock samples suppl ied  by NASA. 
The p a r t i c l e  s i z e  of t h e  samples was 200 mesh. A l i s t i n g  of 

rocks  and t h e i r  o r i g i n s  a r e  shown below. 

Powder Sample 

Andesi te  

Basa l t  

Dunite 

Wester ly  Grani te  

Granodior i te  

P e r i d o t i t e  

Augite 

A l b i t e  

Bronzi te  

F a y a l i t e  

Hedenbergite 

Labrador i te  

Ol iv ine  

Or thoc lase  

Code Name 

AGV-1 

BCR- 1 

DTS-1 

G-2 

GSP-1 

PCC-1 

R 15162 

1 1 7  741 

8 2  436 

R 3517 

R 7584 

R 15163 

1 1 7  280 

R 7508 

Samples (1) through (6) w e r e  received 

Or iq in  

Guano Val ley ,  Oregon 

Columbia River ,  Oregon 

Twin S is te rs ,  Wash. 

S i l v e r  Plume, Colorado 

Cazadero Quadrangle 
Sonoma County, C a l i f .  

Templeton, Quebec, Canada 

Weiant Quarry ,  C e c i l  County, 
Maryland 

Webster, North Caro l ina  

Rockport, Mass. 

Calera  Mine, near  Guerrerna,  
Chihuahua, Mexico 

Lake S t .  John,  Quebec, Canada 

Camperdown, V i c t o r i a ,  
A u s t r a l i a  

S t r i egau ,  S i l e s i a ,  Germany 

cour t e sy  of M.W. Molloy of 
NASA from R . J . P .  Lyon of Stanford Un ive r s i ty  and F.J .  Flanagan of 
t h e  U .  S. Geological, Survey. Samples (7)  through (14) w e r e  
rece ived  cour t e sy  of M.W. Molloy from E.P. Henderson of t h e  U .  S. 
Nat iona l  Museum. 

F igures  18 t o  31 a r e  t h e  ind iv idua l  spec t r a  of t h e  14 powdered 
rocks ,  us ing  a f ixed 45' double-pass KRS-5 p l a t e ,  and Figure  32 
shows t h e  spec t r a  of powdered Faya l i t e  f o r  two p o l a r i z a t i o n s .  
F igure  33 i s  a composite showing t h e  spec t r a  of 6 of t h e  14 samples, 
u s ing  a 45O double-pass germanium p l a t e .  
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Where p o s s i b l e ,  t h e  spec t ra  of t h e  powdered rocks a r e  grouped 
according t o  t h e  s t r u c t u r e  c l a s s  of t h e  s i l i c a t e s  and t o  t h e i r  
series w i t h i n  a c l a s s .  This i s  shown i n  t h e  following t a b l e .  

F i su re  N o .  Sample S t r u c t u r e  Class  

18 Orthoclase Framework 

19 
20 
2 1  I Alb i t e  

Andesite 
Labradorite 

22 
2 3  
24 

25 

Augite S ingle-Chain S i l i c a t e s  
Hedenbergite 
Bronzi te  c 

r Oliv ine  Si04 t e t r ahedron  
Dunite 
F a y a l i t e  

P e r i d o t i t e  

Granodior i te  
Westerly Grani te  

L 26 
27 

2 8  
29 Basa l t  

30 
31 I 

The powder was introduced t o  the sampling su r faces  of t h e  i n t e r n a l  
r e f l e c t i o n  p l a t e  by f i r s t  i n s e r t i n g  t h e  p l a t e  i n t o  a conta iner  
which was than  f i l l e d  wi th  the  powder. Each of t h e  two sampling 
s u r f a c e s  of t h e  p l a t e  w e r e  28mm x 25mm; p l a t e  t h i ckness  was 2mm. 
There was a t o t a l  of approximately 2 8  r e f l e c t i o n s ,  14 pe r  side.  
The powder was l i g h t l y  packed by applying pressure  from t h e  open 
end of t h e  con ta ine r .  

The s p e c t r a  taken  w i t h  t h e  germanium p l a t e  (see Figure 33)  w e r e  
n o t i c e a b l y  weaker then  those  obtained w i t h  t h e  KRS-5 p l a t e .  
Heavier packing of t h e  powder d i d  not  improve t h e  spec t r a  obtained 
w i t h  t h e  germanium p l a t e .  This d i f f e r e n c e  i n  i n t e n s i t y  between 
t h e  s p e c t r a  obtained w i t h  t h e  KRS-5 p l a t e s  and those  obtained 
w i t h  germanium p l a t e s  i s  due to  t h e  d i f f e r e n c e  i n  index of re- 
f r a c t i o n  of the  p l a t e s ,  and the re fo re  a change i n  s t r e n g t h  of 
i n t e r a c t i o n  ( R e f .  5 ) .  I t  should be noted t h a t  t h e  KRS-5 p l a t e s  
a r e  s u s c e p t i b l e  t o  su r face  scra tches  and t h e r e f o r e  could only  be 
used for  2 or 3 samples, a f t e r  which t h e  su r faces  had t o  be 
r e f i n i s h e d .  
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II 
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The spec t r a  of powdered Alb i t e  and Augite (see Figures  19,22) 
each show comparisons of t h e  t ransmission technique (Refs. 13,14) 
and t h e  i n t e r n a l  r e f l e c t i o n  technique. Although t h e r e  i s  a 
d i f f e r e n c e  i n  t h e  c o n t r a s t  of t h e  s p e c t r a ,  t h e r e  i s  c l o s e  agree- 
ment i n  t h e  p o s i t i o n s  of t h e  minima. The c o n t r a s t  can, of course ,  
be c o n t r o l l e d  by c o n t r o l l i n g  t h e  number of r e f l e c t i o n s ,  p re s su re  
and r e f r a c t i v e  index of t h e  i n t e r n a l  r e f l e c t i o n  e l emen t .  

Transmission s p e c t r a ,  where ava i l ab le  i n  published l i t e r a t u r e ,  
w e r e  compared w i t h  t h e  i n t e r n a l  r e f l e c t i o n  spec t r a  obtained of 
t h e  NASA powdered rocks; t h e r e  was close agreement i n  t h e  
p o s i t i o n s  of t h e  minima. W e  wish t o  stress t h e  f a c t  t h a t  i n t e r n a l  
re f lec t ion  has t h e  advantage t h a t  p a r t i c l e s  of any s i z e  may be 
used and no sample prepara t ion  i s  requi red .  It should be r e c a l l e d  
t h a t  a l l  of t h e  p re sen t  rock samples have p a r t i c l e  s i z e s  a s  l a r g e  
a s  100~. 

W e  wish t o  draw a t t e n t i o n  to t h e  apparent  s c a t t e r i n g  l o s s  a t  t h e  
s h o r t e r  wavelengths i n  t h e  spec t ra  recorded us ing  KRS-5 p l a t e s .  
This  i s  t y p i c a l  of KRS-5 r e f l e c t i o n  p l a t e s  and is  due t o  s c a t t e r i n g  
a s soc ia t ed  wi th  inadequate sur face  p o l i s h  and not  due t o  t h e  pre- 
sence of t h e  powder on t h e  sur face .  A l s o ,  s i n c e  t h i s  m a t e r i a l  i s  
r a t h e r  s o f t ,  t h e  su r face  po l i sh  d e t e r i o r a t e s  r a t h e r  r a p i d l y  when 
used w i t h  powdered samples. For a much harder  m a t e r i a l  l i k e  
germanium, it i s  poss ib l e  t o  obta in  and maintain a much b e t t e r  
su r f ace  po l i sh .  This  i s  c l e a r l y  demonstrated by t h e  spec t r a  shown 
i n  F i g u r e  3 3 .  

Since t h e  o p t i c a l  cons tan ts  of t h e s e  minerals  a r e  not  known t o  u s ,  
and s i n c e  t h e s e  minerals  contain s i l i c a ,  w e  wondered whether t h e r e  
would be a d i f f e r e n c e  i n  t h e  spec t ra  f o r  perpendicular  and p a r a l l e l  
p o l a r i z a t i o n ,  a s  t h e r e  was for qua r t z .  The measurement was made 
on F a y a l i t e  (Figure 32). These spec t r a  show a n e g l i g i b l e  v a r i -  
a t i o n  i n  t h e  p o s i t i o n s  of t h e  minima f o r  p a r a l l e l  and perpendicular  
p o l a r i z a t i o n .  I n  gene ra l ,  w e  expect  t h e  resonances t o  be more 
h i g h l y  damped than those of quar tz ;  and, a s  a r e s u l t ,  no l a r g e  
v a r i a t i o n s  i n  t h e  o p t i c a l  cons tan ts ,  a s  i n  t h e  case f o r  qua r t z .  
Therefore ,  t h e  complications t h a t ' o c c u r  f o r  pure qua r t z  should no t  
e x i s t .  
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Figure 19: Transmission and Internal Reflection Spectra ( 8  0 45O, 
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Figure 22: Transmission and Internal Reflection Spectra ( 8 .  4 5 O ,  
KRS-5 P l a t e )  of Powdered Augite. 
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4 .  CONCLUSIONS 

(1) The most important observat ion of t h i s  work i s  t h a t  t h e r e  
a r e  l i t t l e  o r  no s c a t t e r i n g  lo s ses  i n  t h e  non-absorbing reg ions  
by p a r t i c u l a t e  on t h e  su r face  of t h e  i n t e r n a l  r e f l e c t i o n  element,  
r e g a r d l e s s  of p a r t i c l e  s i z e .  (The p a r t i c l e  s i z e s  s tud ied  
included s i x  f r a c t i o n s  i n  t h e  0-4311 range of t h e  e a r l i e r  work 
(NASW 964) ,  and t h r e e  f r a c t i o n s  i n  t he  0-3011 range i n  t h e  pre- 
s e n t  work, a s  w e l l  a s  a number of u n e l u t r i a t e d  samples having 
p a r t i c l e  s i z e s  a s  l a r g e  a s  10011 i n  diameter . )  This observa t ion  
v e r i f i e s  t h e  conclusion of t h e  previous work a t  0 = 45'. I n  t h e  
p re sen t  work, measurements were extended t o  o t h e r  angles-of- 
incidence and t o  po la r i zed  l i g h t .  

Another important observa t ion  i s  t h a t ,  i n  t h e  absgrbing reg ions ,  
o p t i c a l  spec t r a  could be recorded v i a  i n t e r n a l  r e f l e c t i o n ,  re- 
g a r d l e s s  of p a r t i c l e  s i z e .  

It i s  concluded t h a t  I n t e r n a l  Ref lec t ion  Spectroscopy can be used 
t o  record s p e c t r a  of p a r t i c u l a t e  mat te r  (e .g . ,  rocks and minera ls )  
and no sample p repa ra t ion  i s  required.  

The importance of t h e s e  f ind ings  can be f a r t h e r  apprec ia ted  when 
it i s  r e a l i z e d  t h a t  t ransmission s p e c t r a  can be recorded only  for 
very  f i n e  powders, and even these  powders should p re fe rab ly  be 
embedded i n  some mat r ix  ( e . g . ,  K B r ,  KRS-5, e tc . )  t o  minimize 
s c a t t e r i n g  l o s s e s .  The l ack  o f ,  o r  smal l  degree o f ,  s c a t t e r i n g  
wi th  t h e  i n t e r n a l  r e f l e c t i o n  measurements i s  f u r t h e r  evidenced i n  
o t h e r  measurements where t h e  spec t ra  of porous, uneven paper ,  
f i be r s  and f a b r i c s  w e r e  obtained w i t h  no sample p repa ra t ion .  

( 2 )  Although cons iderable  time was spent  i n  a t tempting t o  ob ta in  
a t h e o r e t i c a l  understanding of t h e  l i t t l e  o r  no s c a t t e r i n g  l o s s e s  
for  t h e  i n t e r n a l  r e f l e c t i o n  measurements, w e  w e r e  unable t o  o b t a i n  
a t h e o r e t i c a l  explana t ion  f o r  t h i s  phenomenm, S c a t t e r i n g  theo ry  
i s ,  i n  gene ra l ,  very  complicated; even f o r  t h e  s imples t  of models. 
A model and approach have been suggested i n  t h i s  r e p o r t .  

(3)  Pe r t a in ing  t o  t h e  qua r t z  spec t r a  of t h i s  s tudy,  it can be 
s a i d  t h a t  t h e s e  powders a r e  pure q u a r t z .  This  was v e r i f i e d  and 
s u b s t a n t i a t e d  by our x-ray ana lys i s  and by t ransmiss ion  measure- 
ments using K B r  p e l l e t s .  Quartz  was i n i t i a l l y  chosen because it 
has been ex tens ive ly  s tud ied  i n  t h e  p a s t .  It  was perhaps an  un- 
f o r t u n a t e  choice p r i n c i p a l l y  because there  a r e  such w i d e  excursions 
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i n  t h e  o p t i c a l  cons t an t s .  
i n t e r n a l  r e f l e c t i o n  element ma te r i a l  and angle-of-incidence 
for which t h e  c r i t i c a l  angle  would remain below t h e  angle-of- 
inc idence ,  through t h e  absorpt ion bands. 

This made it impossible t o  chose an 

One advantage i n  applying the i n t e r n a l  r e f l e c t i o n  technique t o  
t h e  s tudy  of q u a r t z  powders i s  t h a t  s p e c t r a ,  al though d i f f e r e n t ,  
can be recorded f o r  any p a r t i c l e  s i z e ;  t h i s  i s  no t  t h e  case i n  
t ransmiss ion  measurements where only  f i n e  powders can be used. 
I n  o t h e r  m a t e r i a l s  conta in ing  s i l i c a ,  t h e  v i b r a t i o n s  should be 
more h igh ly  damped and l a r g e  excursions i n  t h e  r e f r a c t i v e  index 
w i l l  probably n o t  occur.  For example, measurements of F a y a l i t e  
us ing  po la r i zed  l i g h t  showed, un l ike  q u a r t z ,  s i m i l a r  spec t r a  f o r  
bo th  p o l a r i z a t i o n s .  

(4)  
be c o n s i s t e n t l y  s t a b l e  t o  a 0.5%. This  system s impl i f i ed  t h e  
des ign  of t h e  l abora to ry  spectrometer,  and enabled u s  t o  o b t a i n  
r e f l e c t a n c e  spec t r a  i n  a s impl i f ied  and d i r e c t  manner. 

The 90' out-of-phase chopper and d e t e c t i o n  system proved t o  

(5)  The a b i l i t y  t o  record spec t ra  of t h e  four teen  (14) minera ls  
and rocks provided by NASA - where no a t tempt  was made t o  
f r a c t i o n a t e  t h e  powder - provided a p r a c t i c a l  demwst ra t ion  of 
t h e  use fu lness  of I n t e r n a l  Ref lec t ion  Spectroscopy f o r  examining 
powdered minerals  and rocks.  
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5 .  RECOMMENDATIONS 

A c o n t i n u a t i o n  of these s t u d i e s  should i n c l u d e  t h e  fo l lowing  
proposed recommendations: 

a )  Select a powdered m a t e r i a l  whose o p t i c a l  c o n s t a n t s  do 
n o t  have such l a r g e  excurs ions  a s  those of q u a r t z .  
E l u t r i a t e  t h e  powder and conduct s t u d i e s  s i m i l a r  t o  
t h o s e  made w i t h  t h e  k a o l i n i t e - q u a r t z  mixtures  and 
q u a r t z .  P o s s i b l e  m a t e r i a l s  f o r  t h i s  purpose might be 
c a l c i t e  , s i l i c o n  carb ide  o r  s apph i re .  

b )  Conduct a c a r e f u l l y  c o n t r o l l e d  experiment  i n  a n  a t t e m p t  
t o  p l a c e  a n  upper l i m i t  on t h e  degree of s c a t t e r i n g ,  if 
any,  stemming from t h e  i n t e r a c t i o n  of the  evanescent  
wave w i t h  t h e  p a r t i c u l a t e  m a t t e r  on t h e  s u r f a c e  of t h e  
i n t e r n a l  r e f l e c t i o n  element.  T h i s  might be done. fo r  
example, by d e p o s i t i n g  t h e  p a r t i c u l a t e  m a t t e r  on t h e  
s u r f a c e  of t h e  element w i t h  t h e  a i d  of an  e l e c t r o s t a t i c  
p r e c i p i t a t o r  ( R e f .  1 5 ) .  

c)  Regarding measurements of o p t i c a l  c o n s t a n t s  , it would 
s e e m  a d v i s a b l e  to f i r s t  measure the  o p t i c a l  c o n s t a n t s  
of a s o l i d  i s o t r o p i c  minera l  v i a  i n t e r n a l  r e f l e c t i o n  
and t o  t h e n  examine t h e  mine ra l  i n  powdered form. One 
r eason  f o r  t h i s  procedure i s  t h a t  t h e  n a t u r e  of t h e  
c o n t a c t  between two s o l i d  m a t e r i a l s  can be c o n t r o l l e d  
and determined more e a s i l y  t h e n  the  c o n t a c t  between 
powder and s o l i d  m a t e r i a l .  

d )  One a r e a  t h a t  h a s  n o t  y e t  been i n v e s t i g a t e d  fo r  s c a t t e r -  
i n g ,  v i a  i n t e r n a l  r e f l e c t i o n ,  i s  t h a t  of v e r y  f i n e  
powders - t h i s  should be  s t u d i e d .  

e )  To improve the s e n s i t i v i t y  of t h e  i n s t r u m e n t a t i o n ,  w e  
propose t h e  use  of a mercury-doped germanium detector 
cooled v i a  a Cryogem - a S t i r l i n g  c y c l e  c ryogenic  cooler 
developed a t  P h i l i p s  Labora to r i e s  ( R e f .  1 6 ) .  

f) The p o s s i b i l i t y  of us ing  I n t e r n a l  R e f l e c t i o n  Spec t roscopy 
fo r  d e t e c t i o n  of water  and o r g a n i c  m a t e r i a l  i n  t h e  l u n a r  
s o i l  was d i scussed  a t  the  NASA 1965 Summer Conference on 
Lunar Exp lo ra t ion  and Sc ience  ( R e f .  1 7 )  . A d e t e r m i n a t i o n  
of t he  s e n s i t i v i t y  r equ i r ed  f o r  t h i s  purpose should be 
made, and experiments  should be conducted t o  check t h e  
f e a s i b i l i t y  of t h i s  approach. 
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